Green additives such as prodegradants based on natural fatty acids and iron can improve the environmental profile of thermoplastic packaging materials. We present two studies in which this is demonstrated. In the first study, the addition of a green prodegradant to a 5-layer gas barrier laminate during processing provided a laminate with significantly reduced oxygen transmission due to the resulting oxygen-consuming degradation process. The result shows that material reduction and cost efficiency of packaging laminates can be combined, since 5-layer laminates with reduced oxygen barrier layer thickness and retained gas barrier properties are feasible. The products are interesting from an ecological and economic aspect. In the second study, the addition of a green prodegradant to several qualities of polypropylene that are used in packaging applications leads to materials that are readily degraded in accelerated weathering. The molecular weight of the modified polypropylenes after 830 hours of accelerated weathering is reduced from typically 80.000 g/mole to 1.500-2.500 g/mole. At such molecular weight levels, digestion by microorganisms is feasible. The mild prodegradant used in the study does not lead to degradation during processing. Thermoplastics containing such additives are therefore fully recyclable provided that they have not been exposed to a long period of weathering.
Introduction
Thermoplastic packaging materials have in the past three decades faced an increasing demand to improve their environmental profile. As a consequence, significantly increased amounts of renewables have been used in packaging materials [1] [2] [3] [4] [5] [6] [7] [8] . Additionally such materials often exhibit a green profile due to their biodegradability [9] [10] [11] . Reduced material consumption is also an important approach. Packaging materials with reduced wall thickness but preserved mechanical and/or gas barrier properties lead to reduced carbon footprint and combine environmental friendliness with cost efficiency. Another route to packaging materials with increased environmental profile is to establish effective recycling procedures. Littering should be significantly reduced if users are aware of the value of post-consumer packaging [12] . Conventional thermoplastic packaging materials can be turned into finally biodegradable materials by addition of prodegradant additives during processing into packaging products [13] [14] [15] . Prodegradants based on renewables such as fatty acid salts and environmentally friendly metals like iron are especially interesting. Thermoplastics containing such additives are fully recyclable [16] .
In this paper we present the results of two studies in which green prodegradants based on ferric stearate are added to different thermoplastics. In the first study a green prodegradant is added to a 5-layer gas barrier laminate during processing in order to investigate changes of the oxygen transmission rate due to the presence of an oxygenconsuming degradation process. In the second study a green prodegradant is added to several qualities of polypropylene that are used in packaging applications. The goal is to investigate changes in tensile properties and molecular weight during accelerated weathering due to oxidative degradation. 
Experimental

Prodegradant Additive in 5-Layer Oxygen Barrier Film.
In the first step a mixture of ferric(III) stearate and stearic acid was prepared which is the main prodegradant agent in both studies. The synthesis was conducted in an oilthermostat-controlled 50-litre double-mantle glass reactor having two dosing pumps, a mechanically powered steel stirrer, a glass-mantled thermometer, a distillation cooler, a bottom valve, and a connected membrane vacuum pump. In advance a solution of 11.3 kg (41.8 moles) of ferric chloride hexahydrate in 10.5 L water and 0.11 L concentrated hydrochloric acid was prepared to produce a 21.9 kg aqueous ferric chloride solution with about 10.6% w/w iron. To provide the fat-soluble organic compound 12.9 kg (45.3 moles), stearic acid was melted in the reactor by adjusting the temperature of the oil thermostat to 190
• C. Then 0.18 L low-aromatic white spirit (mixture of hydrocarbons, Statoil AS, Norway) and 0.35 L water were added, and the pressure reduced to 200 mbar. By means of one of the dosing pumps 6.1 kg of the in-advance-prepared ferric chloride solution was added over a 50-minute period. By means of one of the dosing pump 10 mL per minute of a 1% aqueous hydrogen peroxide solution was added to maintain a modest but continuous foaming in the reactor. The addition of the aqueous ferric chloride solution was adjusted so that the amount of distilled water and hydrogen chloride approximately corresponded to the amount of aqueous ferric chloride added. After complete addition of aqueous ferric chloride solution, the mixture was boiled and distilled under continuous addition of 25 mL per minute 1% aqueous hydrogen peroxide solution. The amount of distilled water and hydrogen chloride was larger than the amount of 1% hydrogen peroxide solution resulting in a decreased portion of water in the reaction mixture. When the temperature of the reaction mixture had reached 115
• C, it was cooled to about 100
• C and thereafter drained through the bottom valve into 100 litre of a 1% hydrogen peroxide solution. When the resulting gas development dropped off, the ironcontaining additive was filtered from the liquid phase. The iron-containing additive was then dispersed in 1% aqueous hydrogen peroxide solution at 60-70
• C for 2 hours by means of a dispersing rod. The dispersed iron-containing additive was filtered from the aqueous phase and dried in a convection oven at 50
• C. The iron content was measured by total combustion to be 3.6% w/w.
In the second step, the mixture of ferric(III) stearate and stearic acid was compounded in a Clextral double-screw extruder together with other additives and a polypropylene quality. The compounding conditions are listed in Table 1 and Table 2 . The compound is called "masterbatch 1" (MB 1), and its functionality is to introduce the main prodegradant into the thermoplastics in the 5-layer laminate. The composition of MB 1 is shown in Table 3 .
In order to hinder degradation during processing of the thermoplastics, which form the 5-layer laminate, a second masterbatch, "masterbatch 2" (MB 2), has to be added. MB 2 has been prepared in a way similar to that of MB 1, and its composition is shown in Table 4 . A 5-layer barrier film has been manufactured by 5-layer film blowing. The materials that constitute the 5 layers are listed in Table 5 . The processing temperature was 190
The total thickness of the laminate was 60 µm. Two different amounts of a 9 : 1 blend of MB 1/MB 2 have been added to all layers during processing. The total addition was 1% and 2% w/w.
The oxygen transmission rate of the laminate was measured on an Ox-Tran device (MOCON Inc., USA) at 23
• C and 50% relative humidity. Atomic force microscopy was used to characterize the 5-layer laminate. Ultramicrotomy was used to cut the films perpendicular to the laminate plains and in the extrusion direction.
Prodegradant Additive in Polypropylene Qualities
. the second part of the study, a prodegradant additive was compounded into five different polypropylene qualities (Table 6 ) and their degradability was investigated. Atomic force microscopy (AFM) shows the different layers and regularly distributed spots of the prodegradant additive (Figure 1) .
The prodegradant additive was prepared in the same way as described in the first study, however with a different content of iron. The synthesis was carried out in order to obtain a mixture of ferric(III) stearate and stearic acid with an iron content of 1.9% w/w. This mixture was compounded in a Clextral double-screw extruder together with other additives and a polypropylene quality in order to obtain the prodegradant masterbatch for the second study. The obtained masterbatch is called "masterbatch 3" (MB 3), and its composition is shown in Table 7 .
Similar to the first study, a 9 : 1 blend of MB 3/MB 2 has been added to the polypropylene qualities during processing. The extruded tape samples were fixed to suitable Degradation of the tape samples was followed by mechanical testing (ISO 527-2) and finally by SEC analysis. SEC was performed according to ISO 16014-1, 16014-2, and 16014-4. As specified in Table B .1 in ISO 16014-2, the same Mark Houwink constant was used for the polypropylene samples and the polystyrene standards. The SEC conditions are listed in Table 8 . 
Tipplen H 649 0% w/w 29.9 ± 3.4 3 5 .2 ± 3.0 3 2 .8 ± 3.1 3 1 .4 ± 2.7 3 2 .5 ± 3.5
Results and Discussion
Prodegradant Additive in 5-Layer Oxygen
Barrier Film. Table 9 shows the results on oxygen transmission rate (OTR) and elongation at break (ISO 527-2) of the 5-layer laminate. Elongation at break was taken as an average of 10 samples. The results show that the oxygen transmission rate is significantly improved by addition of the prodegradant additive. This can be explained by the oxygen consumption of a slow degradation process in the laminate which is induced by the prodegradant additive.
Doubling of the amount of prodegradant additive does not induce significant degradation during processing and short storage. Elongation at break is a very sensitive marker for ongoing degradation. The very narrow result distribution of elongation at break (low standard deviation) shows that the adhesion within the layers after addition of 2% of prodegradant additive is excellent and significantly better than with lower amounts.
Atomic force microscopy (AFM) shows the different layers and regularly distributed spots of the prodegradant additive. This is in good compliance with an oxygen-consuming slow degradation process around the prodegradant additive.
As a consequence, 5-layer laminates with reduced oxygen barrier layer thickness and retained gas barrier properties are feasible. This is interesting from an ecological aspect (material reduction) and economical aspect (cost reduction). Table 10 and strain at yield is listed in Table 11 .
Prodegradant Additive in Polypropylene
A comparison of the mechanical properties elongation at break and strain at yield of polypropylene qualities with and without prodegradant indicates clearly that qualities with prodegradant do not suffer significant degradation during processing. The development of the mechanical properties also shows that all of the five PP qualities with prodegradant additive degrade rapidly when they are exposed to accelerated weathering. The typical mechanical properties of PP materials are lost after 72 hours of accelerated weathering. In some cases the majority of samples became too brittle due to proceeded degradation. Therefore accurate data on elongation at break or strain at yield could not be obtained. When the data are based on one or two samples, the values are expressed as "<(number)". When all samples became too brittle, the expression "-" was used.
Additionally the molecular weight distribution of the PP qualities after 830 hours of accelerated weathering was measured by SEC. The results are listed in Table 12 .
SEC analysis clearly indicates that the degradation of the five PP qualities with prodegradant additive continues after the loss of the typical mechanical properties. The average molecular weight of the modified polypropylenes after 830 hours of accelerated weathering is reduced from typically 80.000 g/mole to 1.500-2.500 g/mole. At these values average molecular weight levels are small enough to make the degraded PP qualities accessible for biodegradation. 
Summary
Green additives such as prodegradants based on natural fatty acids and iron can improve the environmental profile of thermoplastic packaging materials. Reduced oxygen transmission rate of a 5-layer gas barrier laminate was observed and explained by the oxygen consumption of a slow degradation process in the laminate. The result shows that material reduction and cost efficiency of packaging laminates can be combined, since 5-layer laminates with reduced oxygen barrier layer thickness and retained gas barrier properties are feasible. The products are interesting from an ecological and economic aspect. Additionally several qualities of polypropylene which are used in packaging applications are degraded in accelerated weathering to an extent which makes digestion by microorganism feasible. Mild prodegradant based on ferric stearate does not lead to degradation during processing. Thermoplastics containing such additives are fully recyclable, provided that they have not been exposed to a long period of weathering.
